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Nitrite is commonly used as an antimicrobial
agent, but little is known about its molecular
mode of action. This is partly due to the wide
variety of reactions in
acid can participate. Although the conditions
" for optimal effectiveness of nitrite have been

studied (5, 6, 17, 20), the chemical reactivity of
the inhibiting species is not known. The earlier
observation that media that contain nitrite be-
come dramatically more inhibitory toward bac-
terial growth when heated implies that one or
more new chemical species have been produced
(15). It has been suggested that these sub-
stances, called Perigo inhibitors, are résponsi-
ble for the antimicrobial properties of nitrite-
curing salts used as preservatives. Evidence
has been presented which indicates that the
heated media may contain substances such as
Roussin black salt (1) and nitrosothiols (9, 12,
13). However, it is possible that heat-induced
Perigo inhibitors are distinct from these com-
pounds.

The__potential_,yaluewof _these inhibitors as
preservatives makes them attractive for mecha-
nistic studies.. We have therefore examined and
compared the effects of a heat-indueed inhibi-
tor, presumably of the Perigo type, with those
of nitrosothiols on germination, outgrowth, and
macromolecular synthesis in Bacillus cereus.
The excellent synchrony of germination and
outgrowth in this organism provides a conven-
ient means for evaluating inhibitor effects on
bacterial spores. We have also fractionated tryp-
tone to obtain a purified precursor to the heat-

. induced inhibitor..

which nitrite and nitrous ~

MATERIALS AND METHODS

Reagents. Sephadex G-25, blue dextran, insulin,
ribonuclease S peptide, bacitracin, and vasopresin
were obtained from Sigma. Tritium oxide was ob-
tained from New England Nuclear Corp. Proteinase
K was from EM Laboratories. )

Organism and preparation of spores. The orga-
nism employed for the work was B. cereus T. Cells
were grown and sporulated in G medium (7) supple-
mented with calcium (26). They were washed (26),
lyophilized, and stored at —20 C. For outgrowth
studies, the spores were weighed out and suspended
in distilled water with a glass homogenizer. They
were heat shocked for 2 h in a 65 C water bath and
centrifuged. The spores were then suspended in wa-.
ter, and an aliquot was added to the outgrowth
medium to initiate germination. The final concentra-
. tion of spores was 0.12 mg/ml, and growth experi-

‘ments were carried out in a 30 C shaking water bath
at 75 rpm unless indicated otherwise.

Preparation of dialyzable tryptone. A 200-g
amount of tryptone (a pancreatic digest of casein
obtained from Difco) was added to 500 ml of water.
The mixture was heated with stirring to about 90 C
and allowed to stand for at least 10 h at 4 C. The
suspension was centrifuged and the pellet was dis-
carded. The supernatant was put into 8-cm-wide
dialysis tubing and dialyzed for 48 h with stirring
against 500 ml of water at 4 C. The outer material
was recovered, -and the dialysis was repeated
against a change of water. The outer material was
combined with that from the first dialysis. This
dialyzable tryptone was stored in frozen aliquots.

Outgrowth media. Dialyzable tryptone was di-
luted as indicated for each experiment. Fully supple-
‘mented CDGS medium was based on that of Nakata
(14), as modified by Rana and Halvorson (18) and
Rodenberg et al. (22). It contained CDGS salts,



CDGS amino acids, supplementary amino acids and
bases, 0.5 g of adenosine, 0.01 g of thymidine, 0.1g of
alanine, and 4 g of glucose per liter.
Preparation of heat-induced inhibitor. Sodium
_nitrite and sodium thioglycolate were added to 40 ml
of dialyzable tryptone to give final concentrations of
27 and 8.8 mM, respectively. Heat-induced inhibitor
. (presumed to be of the Perigo type) was obtained by
autoclaving this mixture at 110 C for 20 min. An
identical mixture left unheated served as a control.
Preparation of nitrosothiols. Nitrosothiols of
thioglycolate and B—mercaptoethanol were prepared
from a solution containing 97 mM sodium nitrite
‘and 8.8 mM of either sodium thioglycolate or j-
mercaptoethanol. This mixture was acidified to a pH

.between 1 and 2 with concentrated HCL After an

hour, the solution containing the orange-red thioni-
trite (2, 4, 16, 23, 24) was titrated to neutrality with
NaOH. -

RESULTS

Phase-contrast microscopy of spores in-
hibited by heat-induced inhibitor. Heat-
shocked spores were added to 20 ml of freshly
prepared heat-induced inhibitor mixture. A sec-
ond flask contained the unheated control mix-
ture (see Materials and Methods). Samples
were removed at intervals for observation by
phase-contrast microscopy- Photomicrographs
are shown in Fig. 1. In this rich medium the
spores germinated rapidly and synchronously.
Germination as monitored by phase contrast

was complete within a few minutes in both the
heated and control samples. After 0.5 h, the
spores in the unheated control were swollen

b

and less phase-dark, a trend ‘that continued
through 1 h. At the end of 2 h, spores in the
control flask had divided and were in the vege-
tative state, whereas spores in the sample flask
had not changed appreciably after the initial
germination stage. The inhibition remained un-
changed through 18 h. After 24 h, however, an
occasional elongated cell could be seen among
the inhibited population.

Effect of increased concentrations of heat-
induced inhibiter. Dialyzable . tryptone was
prepared as described above, except that the
second dialysis was omitted. This resulted in'a
higher final concentration of dialyzable compo-
nents. The corresponding inhibitor was formed
using the same concentrations of nitrite and
thioglycolate as before. A 10-ml amount was
then added to a flask containing 10 ml of dialyz-
able tryptone, followed by heat-shocked spores.
As monitored by phase-contrast microscopy,
fewer then 1% of the spores germinated within
2 h to become phase-dark. After 16 h, the frac-
tion germinated increased to about 2%. At the-
higher concentration, the sensitive step ap-
pears to be during germination, whereas lower
concentrations inhibit after germination.

Effect of heat-induced inhibitor added be-
fore germination on [*Cluracil incorpora- - -
tion. Sample flasks contained 10 ml of supple-
mented CDGS and [*Cluracil (New England
Nuclear Corp.) at an activity of 0.250 uCi/ml.
Ten milliliters of heated inhibitor mixture was
added to one set of flasks, and 10 ml of unheated

FlG.ll. Phase-contrast microscopy of spores inhibited by heat-induced inhibitor. Either a heated or
unheated mixture of dialyzable tryptone, nitrite, and thioglycolate was added to zero time to heat-shocked
spores. (@) 0.5 h; B 1k ©2 h; (d) 18 h after the onset of germination. The heated samples are denoted by

primes.



mixture was added to the other set. Spores were
added, and 1-ml samples were removed at inter-
vals and quenched in 1 ml of cold 10% trichloroa-
cetic acid containing 100 ug of unlabeled uracil
per ml. The samples were filtered through nitro-
‘cellulose membrane filters (0.45-um pore size),

which were washed with 95% ethanol, dried,
and counted. The scintillation fluid contained 4

g of 2,5-diphenyloxazole and 50 mg of p-bis-[2-
(5-phenyloxazolyl)lbenzene (New England Nu-
clear Corp.) per liter of toluene. The results are
shown in Fig. 2. The sample containing the
unheated control incorporated ['Cluracil rap-

idly, whereas the sample containing the heat- -

indnced inhibitor showed no incorporation.
Effect of heat-induced inhibitor added
after germination. Sample flasks contained 12
ml of supplemented CDGS and [“Cluracil.
Spores were added to a concentration of 0.25
mg/ml. Samples of 0.5 ml each were removed
during the first four time points. At 30 min
after the onset of germination, 10 ml of either
the heated or the unheated inhibitor mixture
was added. Samples of 1 ml each were then
removed. Radioactivity incorporation was deter-
mined as for Fig. 2. Figure 3 shows the pattern
of [*Cluracil incorporation which was ob-
tained. Incorporation was halted in both cases;
however, the control recovered rapidly and re-

sumed incorporation, whereas the sample lost _

acid-precipitable counts. A control flask to
which only dialyzable tryptone had been added

showed no lag in incorporation. Microscopic ex-
amination revealed that the sample to which
the heat-induced inhibitor had been added did
not develop further during the next 2 h,
whereas the unheated control sample was vege-
tative within that time. '

Effect of heat-induced inhibitor added
during vegetative growth. Flasks containing
10 ml of supplemented CDGS medium were
inoculated with 5 ml of early log-phase vegeta-
tive cells grown in the same medium. After 2.5
h, [“Cluracil was added. Samples of 0.5 ml each
were removed at the indicated times. At 37.5
min after the uracil addition, an equal volume
of either the heated or unheated mixture was
added, followed by removal of 1-ml volumes.
The samples were all precipitated, filtered, and
counted as for Fig. 2. Figure 4 shows the pat-
tern of C incorporation which was obtained.
The sample to which unheated control had been
added resumed incorporation after a short lag,
_whereas the sample to which the heated mix-
ture had been added remained level.-In con-
trast to the pattern observed in outgrowing
spores, the acid-precipitable counts in the in-
hibited vegetative cells did not decrease during
the subsequent incubation period. Continued
observation during 36 h of incubation showed
no recovery from inhibition, and some cell lysis
occurred, whereas the unheated control sample
grew normally.

Effect of thionitrates on [**Cluracil incor-
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Fic. 2. Inhibition of [“Cluracil incorporation into germinating spores by heat-i{lduced inhibitor. Either
the heat-induced inhibitor mixture. (®) or unheated control (O) was added at zero time.
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Fic. 3. Inhibition of [V*Cluracil incorporation into ouigrowing spores by heat-induced inhibitor. Either
heated (@) or unheated control (O) was added 30 min after the onset of germination. A control containing only
dialyzable tryptone is also included (x). :
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 Fic. 4. Inhibition of [MCluracil incorporation into vegetative cells by heat-induced inhibitor. [¥*Cluracil
was added to a vegetative culture in early log phase. After 38 min, either heated (@) or unheated control (O)
was added.

poration into outgrowing spores. A thioni- sothiol. Spores were germinated in 10 ml of
trite of thioglycolate was prepared as described —supplemented CDGS containing [“Cluracil. At
in Materia's and Methods. A control consisted the indicated time, 10 ml of the thionitrite was
of the same solution, except it was not treated  added to one flask and 10 ml of the unacidified
with HCI and was presumed to contain no nitro- ~ control was added to another. Samples were



emoved, and [*Cluracil incorporation was de-
ermined as before. Results are shown in Fig. 5.
ncorporation of uracil was inhibited by the
ritrosothioglycolate. In contrast to the heat-
nduced inhibitor, there was no significant drop
n trichloroacetic acid-precipitable counts at
ater times. This may indicate an inhibition of
jegradative as well as synthetic systems. When
‘he thionitrite inhibitor was added prior to ger-
mination, the morphological events as observed
by  phase-contrast microscopy were indistin-
guishable from those shown by the heat-in-
duced inhibitor in Fig. 1. Substitution of the
corresponding nitrosothiol of B-mercaptoetha-|
nol gave the same results. S i
Fractionation of precursor to heat-in-|
duced inhibitor. The observation that a Per- |

igo-type inhibitor can be formed in media :
| visible yellow color was most intense.

which have previously been sterilized by auto-
claving (14) indicates that the precursors are
stable to heat, whereas the inhibitor itself is
unstable when exposed to air (10). The sensitiv-
ity of outgrowing spores to the inhibitor pro-
vides a convenient assay which can be used
during purification of the precursor. A 100-ml
amount of dialyzable tryptone (see above) was
applied to a Sephadex G-25 column (5 by 27 cm)
which had been equilibrated with water. Frac-
tions of 350 drops each were collected, and the
fractions were assayed for their ability to form

inhibitor. To do so, nitrite and thioglycolate
were added to 2.5 ml of each fraction (see above)
followed by autoclaving at 110 C in 30-ml cul-
ture tubes. After cooling the tubes, 1 ml of
dialyzable tryptone and 1.5 ml of water were.
added, followed by heat-shocked spores. The
tubes were incubated on a rotating shaker at
95 C. Control cultures reached the vegetative
state after about 2 h. Heat-induced inhibitor
was assumed to be present when the’ spores |
were still inhibited in outgrowth after 4 h. A
second observation was carried out after 20 h.
Those fractions still inhibited were denoted as
containing high levels of inhibitor, whereas
those which grew between 4 and 20 h contained
low levels. Fractions 13-28 all formed high lev-
els of inhibitor and were pooled. It was noted
that the active fractions were the ones in which

The pooled material was applied to a diethyl-
aminoethyl-cellulose column (Whatman DE-23)

‘which had been equilibrated with 0.01 M potas-

sium phosphate, pH 7.2, at 4 C. The column
was washed with 200 ml of buffer, and a linear
salt gradient was applied with a total volume of
1,600 ml going from 0 to 0.5 M NaCl in 0.01
phosphate buffer.. Precursor activity eluted in
the range of 0.25 t0 0.35 M NaCl. Salt concentra-
tions were determined by refractive index of the
fractions. The active fractions (still yellow)

|‘.|.‘|
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Fic. 5. Inhibition of [*Cluracil incorporation into outgrowing spores by nitrosothioglycolate. Thirty-one

and one-half minutes after the onset of germination,

~unacidified control” mixture (O) was added.

either the nitrosothioglycolate mixture (@) or the



were pooled and lyophilized. The residue was
dissolved in 15 ml of water and desalted by
application to another Sephadex G-25 column (2
by 20 cm) equilibrated with the 0.01 M phos-
phate buffer. While traversing the column, the
yellow color separated into two bands. Figure 6
shows the elution profile of this column. Assays
of the fractions showed that precursor activity
appeared in fractions 18-23 which coincided
with the first yellow peak. The absorbancy at
280 nm (A ,4,) more accurately reflected the pres-
ence of precursor than did the protein profile.
Since the activity coincided with a yellow color,
a 280:400 ratio was also calculated and plotted.
This ratio was relatively constant through
much of the activity peak, implying a possible
relationship between the visible color, the A 4,
and the precursor activity. Inhibitory activity
and a yellow color were also found in the second
A peak. However, inhibition did not require
heating (i.e., was not a heat-inducible inhibitor
recursor) and coincided with the NaCl peak,
[svhich rose to 2 M in fraction 32. The inhihitory
?gtl\gity‘.was-attributed,to_the_salt.
( The Sephadex G-25 column was standardized
by molecules of known molecular weight. Blue

dextran, insulin, ribonuclease S peptide, baci-
tracin, vasopressin, and tritium oxide with mo-
lecular weights of about 2 million, 11,500, 2,200,
1,400, 1,000, and 20, respectively, were em-.
ployed. Sephadex G-25 fractionates, molecules
with molecular weights between 1,000 and
5,000 (19). Volumes of 15 ml of each standard
were chromatographed, and the elution volume
was taken to be the highest point of each peak.
Blue dextran and insulin both eluted at fraction
15, which was the exclusion volume. Vasopres-
sin and T,O both eluted at fraction 33. The log
of the molecular weight of the other standards
was plotted against the fraction number to give
a straight line (19). The activity peak appeared
to have a molecular weight of about.2,000. The
activity peak was also treated with proteinase
K, a broad-spectrum protease (8). Incubation
with 50 ug of proteinase K per ml for 1 h at 25 C
was ineffective in destroying the ability of the
active fractions to form heat-induced inhibitor.

DISCUSSION

The mechanism by which nitrite inhibits food
spoilage appears to be quite complex. Many
factors, such as medium pH and concentration
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FiG. 6-Profile of Sephadex G-25 column fraction of precursor to heat-induced inhibitor frorri dialyzable
tryptone. The material applied to the Sephadex column was the active peak which was eluted by a NaC"l
gradient from a diethylaminoethyl-cellulose column. The Aqg (@), AgrA g ratio (O), and Lowry protein

determinations (A) are shown. Also shown from

left to right are the molecular weight standards, (X)

ribonuclease S peptide (2,200), bacitracin (1 ,400), and vasopressin (1,000). Precursor activity appeared in

~. fractions 18-23, as indicated by the brackets.



of salts, are important (5, 7, 20). The enhance-
ment of inhibition at low pH has been inter-
preted to mean that nitrous acid is a reactant
intimately involved in the inhibition (6). How-
ever, the heat-induced Perigo-type inhibitors
are relatively pH independent, suggesting that
yet another inhibitor is involved (15). More re-
cently, other nitrite-derived inhibitors such as
nitrosothiols (12, 13) and Roussin black salt (1)
have been proposed as involved in nitrite ac-
tion. Media in which inhibitors have been
formed contain ether-extractable substances
(presumably of low molecular weight) which
have spectra which are consistent with these S-
nitroso compounds (1).

The numerous chemical species which have
thus far been discovered suggest the phenome-
non of nitrite inhibition results from the pres-
ence of a mixture of inhibitors, all derived from
nitrite or its protonated form, nitrous acid. For
example, although the formation and efficacy of
a Perigo-type inhibitor has been clearly estab-
lished, its involvement as a food preservative:
has been questioned (3). However, it may be
important as one of several inhibitor compo-
nents. }

The heat-induced inhibitor reported here is of
considerable interest. It was formed from the
dialyzable fraction of tryptone (Difco), a pan-
creatic digest of casein. Since Perigo-type inhib-
itors have been reported as unstable in air (10),
~ we have instead isolated the precursor. It was
found to behave as a typical macromolecule in
that it adsorbed to a diethylaminoethyl-cellu-
lose ion-exchange column and was eluted by a
salt gradient at a discrete salt concentration.
Subsequent Sephadex G-25 column chromatog-
raphy along with molecular weight standards
indicated a molecular weight on the order of
2,000. The activity peak coincided with an A
peak which also gave a positive test in the
Lowry protein assay. The capacity of the mate-
rial to subsequently form inhibitor was not ap-
preciably affected by a broad-spectrum pro-
tease. Although the molecular weight corre-
sponds to an oligopeptide about 18 residues
long, its chemical nature is uncertain. Addi-
tional experiments are currently being con-
ducted to establish this. The nondialyzable
fraction of the tryptone is also being examined
and appears to contain appreciable "activity
with a higher molecular weight than that ob-
tained from the dialyzable fraction (unpub-
lished data). The purified dialyzable precursor
readily formed inhibitor upon heating in the
presence of only nitrite and thioglycolate. This
means that any required factors such as iron

salts must have been present in the purified .

fraction. Alternatively, there may be no re-
quirement for such factors.

Although the mode of action of these inhibi-
tors is not yet understood, involvement of
sulfhydryl groups as well as a nitroso group is
probably important (1, 9, 12, 13). We have ob-.
served that both nitrosothiols and the heat-
induced inhibitor are very effective in halting
incorporation of uracil into ribonucleic acid dur-
ing stages of outgrowth and vegetative growth.
It was further observed that high levels of the
heat-induced inhibitor actually prevented ger-
mination, and the entire population remained
phase-bright, with the exception of a small
percentage which partially or completely germi-
nated. Since refractile spores are highly im-
permeable to chemical agents (21), the inhibitor
may react with exterior groups, possibly those
(21, 27) which interact with germinating agents.
If so, these inhibitors are attractive as probes of

- the mechanism of germination as well as having
_potential uses as preservatives.

Our observations, which show that the inhibi-
tors derived from nitrite act at virtually every
stage in the life cycle of Bacillus, suggest that
their mode of action is rather general, and that
inhibition may be the result of inactivation of
several sensitive metabolic systems or steps. In
practice, the presence of several inhibitors,
each with a general effect, could be expected to
act much more effectively than any alone. Dif-
ferential inhibitor stabilities and reactivities

‘resulting in a synergistic inhibitory response
could help explain the elusive nature of the
mode of action of nitrite curing salts used as
preservatives. It would be of considerable value
to elucidate the molecular mechanism of action
of these inhibitors and the differences between
them, if any. It might then be possible to design
a compound which would combine the desired
qualities of stability, effectiveness, and low tox-
icity. '
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